plays a permissive role in the development of benign prostatic hyperplasia (BPH), and phosphodiesterase 5 inhibitors (PDE5is) have been found to be effective for BPH and lower urinary tract symptoms (LUTS) in clinical trials. This study investigated the effect of T on smooth muscle (SM) contractile and regulatory signaling pathways, including PDE5 expression and functional activity in prostate in male rats (sham-operated, surgically castrated, and castrated with T supplementation). In vitro organ bath studies, real-time RT-PCR, Western blot analysis, and immunohistochemistry were performed. Castration heavily attenuated contractility, including sensitivity to phenylephrine with SM myosin immunostaining revealing a disrupted SM cell arrangement in the stroma. PDE5 was immunolocalized exclusively in the prostate stroma, and orchiectomy signficantly reduced PDE5 immunopositivity, mRNA, and protein expression, along with nNOS and ROK␤ mRNA, whereas it increased eNOS plus ␣ 1a and ␣1b adrenoreceptor expression in castrated animals. The PDE5i zaprinast significantly increased prostate strip relaxation to the nitric oxide donor sodium nitroprusside (SNP) in control but not castrated rats. But SNP alone was more effective on castrated rats, comparable with sham treated with SNP plus zaprinast. T supplementation prevented or restored all above changes, including SNP and zaprinast in vitro responsiveness. In conclusion, our data show that T positively regulates PDE5 expression and functional activities in prostate, and T ablation not only suppresses prostate size but also reduces prostatic SM contractility, with several potential SM contraction/relaxation pathways implicated. Zaprinast findings strongly suggest a major role for PDE5/cGMP in this signaling cascade. PDE5 inhibition may represent a novel mechanism for treatment of BPH.
benign prostatic hyperplasia; contraction; lower urinary tract symptoms; phosphodiesterase 5; phosphodiesterase 5 inhibitors; smooth muscle myosin; nitric oxide BENIGN PROSTATIC HYPERPLASIA (BPH), a cause of lower urinary tract symptoms (LUTS) and erectile dysfunction (ED) in aging men, is a common pathological process with a histological prevalence of ϳ50 -60% for men in their 60s and 80 -90% for men in their 70s and 80s (54) . Although the etiology of prostatic hyperplasia is not well understood, androgens and aging are necessary for the development of BPH (55) contain-ing two physiological components, static (increased prostate size) (40) and dynamic [increased prostatic smooth muscle (SM) tone] (11) .
The dynamic tone of prostatic SM is regulated mainly by the ␣ 1 -adrenoreceptor (72) , with up to 50% of the total urethral pressure in BPH patients being attributed to ␣-adrenoreceptormediated muscle tone (18) , and ␣ 1 -blockers are the first-line therapy for BPH. Three major subtypes of adrenoreceptors have been identified to exist in the prostate at the molecular level (␣ 1a , ␣ 1b , and ␣ 1d ) (15) . Eckert et al. (14) , using a patch clamp combined with the fura-2 fluorescence calcium labeling technique, demonstrated that prostatic SM cells from BPH patients exhibited coupling of ␣ 1 -adrenoceptors to phospholipase C converting phosphoinositol-4,5-bisphosphate into diacylglycerol (DAG). DAG is an endogenous activator of protein kinase C and inositol trisphosphate, which releases Ca 2ϩ from intracellular stores stimulating L-type Ca 2ϩ -channel current via Ca 2ϩ /calmodulin-dependent protein kinase induced phosphorylation of voltage-dependent Ca 2ϩ channels (14) . However, the SM cells in the prostate have not been characterized extensively, but presumably the molecular basis for prostatic SM contraction is similar to other SMs involving SM myosin (SMM) phosphorylation and dephosphorylation resulting from increases and decreases, respectively, in cytosolic free Ca 2ϩ ([Ca 2ϩ ] i ) (1) .
Generally, stimulation of the adrenergic nerve system increases [Ca 2ϩ ] i (23) . The [Ca 2ϩ ] i binds to calmodulin, which activates myosin light-chain kinase, which then phosphorylates the 20-kDa regulatory myosin light chains and induces the development of force (1, 13) . When the [Ca 2ϩ ] i returns to basal levels, the calcium sensitivity increases, preventing myosin dephosphorylation, which involves the RhoA/Rho kinase (ROK) mechanism, thus maintaining force (61) . Indeed, both isoforms of ROK (ROK␣ and ROK␤) were found to be expressed in human prostate, and ROK was shown to mediate endothelin and norepinephrine contraction of prostatic SM (62) . Most recently, Saito et al. (57) showed that rat prostate contains RhoA, RhoB, RhoC, ROK␣, and ROK␤. Moreover, the ROK inhibitor fasudil significantly inhibited carbachol-or norepinephrine-induced prostatic contractions in a dose-dependent manner, suggesting that the RhoA/ROK pathway plays an important role in the autonomic nerve-mediated contractile responses in the prostate.
On the other hand, decrease of free Ca 2ϩ in the sarcoplasm is caused mainly by the nitric oxide (NO)/cyclic guanosine monophosphate (cGMP)/cGMP-dependent protein kinase-1 (cGKI)/phosphodiesterase 5 (PDE5) pathway, followed by calmodulin dissociation from myosin light-chain kinase, leading to SMM dephosphorylation and subsequent SM relaxation (20) . This signaling pathway has been indentified in human prostate and colocalization of ␣-actin with cGMP, and cGKI supports the role of this pathway in regulating prostatic SM contractility (71) . Indeed, the PDE5 inhibitors (PDE5is) sildenafil and zaprinast have been shown to induce ϳ50 and 70% relaxation, respectively, of the phenylephrine (PE)-precontracted prostate, further supporting a role for PDE5 in modulating prostate contractility (36) . PDE5 inhibition can also potentiate tamsulosin (a selective ␣ 1a -blocker)-induced prostate relaxation, demonstrating an interaction between adrenergic and NO/cGMP signaling (36) .
The current standard therapy for bothersome BPH/LUTS is ␣ 1 -adrenergic antagonist (␣-blocker) and antiandrogenic 5␣reductase inhibitor, targeting the dynamic and static components, respectively (52, 55) . Although effective, these drugs may be associated with unwanted side effects, including dizziness, hypotension, and sexual dysfunction, which may be exacerbated by combination therapy (41) . PDE5is such as tadalafil, sildenafil, and vardenafil, the first-line treatment for ED, have been explored for treating BPH/LUTS because a link between BPH/LUTS because and ED is well supported by studies of their epidemiology, pathophysiology, and treatment (3, 31, 43) . Increasing evidence has demonstrated that PDE5is significantly improved multiple measurements of LUTS and related quality of life, except for overall peak urinary flow, when compared with placebo (44, 45, 56, 59) . Although the clinical importance of the relatively limited improvements in flow rates remains a subject of debate, the mechanisms by which PDE5is might influence LUTS and the relationship between improvements in LUTS and erectile function are intriguing areas to be investigated. NO/cGMP/PDE5 is the major signaling pathway mediating penile erection. It is believed that a similar mechanism exists in the prostate. To date, at least 21 PDE types have been identified with PDE4, -5 (67), and -11 (69) expressed mainly in the prostate. Most recently, PDE9 was also detected in human prostate but mainly in the prostatic urethral urothelium (49) . We demonstrated that PDE5 is expressed in the rat lower urogenital tract, with the higher mRNA levels in the corpus cavernosum, vas deferens, and prostate compared with the epididymis and testis (77) . However, this study did not examine bladder. More recently, an apparently even higher expression of PDE5 in bladder compared with prostate, testis, and epididymis was reported (48) . Examination of human tissues revealed similar findings (16, 47) . In addition to modulating SM tone by cGMP degradation, PDE5 also regulates cell proliferation (2, 74) . Zenzmaier et al. (74) have reported that tadalafil reduces proliferation of primary prostate stromal cells and to a lesser extent primary prostate basal epithelial cells in a dose-dependent manner. Moreover, tadalafil strongly attenuated TGF␤1-induced fibroblast-to-myofibroblast trans-differentiation, suggesting another effect on the static component of BPH in vivo. Recently, PDE5i was demonstrated to regulate prostate blood flow. Tadalafil increased spontaneous hypertensive rat prostate tissue oxygenation, suggesting a possible mechanism through which PDE5is exert beneficial effects on LUTS (47) .
We have demonstrated that testosterone (T) positively regulates PDE5 expression and tadalafil in vivo activity in rat corpus cavernosum (76, 77) . This was also confirmed by others (46, 65) . Interestingly, PDE5 in the urinary bladder and vas deferens is also androgen dependent (17, 38) . These animal studies are also in line with clinical reports that a lack of response to PDE5is in hypogonadal patients, including diabetes, can be reversed by an adequate T supplementation, demonstrating a null effect of hypogonadism on penile erection, most probably because androgen reduction produces both decreased cGMP formation (effect on NO) and degradation (effect on PDE5) (10, 22) . On the other hand, chronic treatment with PDE5is increased serum T level and Leydig cells' steroidogenic capacity (4, 21) . As an accessory sexual organ, testicular androgens are required for prostate development, puberty, and aging. The aim of the current study was to investigate T effects on prostatic PDE5 at both molecular and functional activity levels, whereas SM contractile and regulatory pathways, including ␣-adrenergic, ROK, and NO synthase (NOS) signaling pathways, were also examined.
MATERIALS AND METHODS

Animals and tissues.
A total of 46 male Sprague-Dawley rats weighing 300 -350 g were used in this study. Rats that underwent just a perineal incision served as sham. Others that underwent bilateral orchiectomy were divided into two subgroups. Immediately after orchiectomy, one subgroup was injected subcutaneously with 30 mg/kg T (T propionate; Sigma-Aldrich, St. Louis, MO) according to a previous report (17) , and another subgroup was treated with vehicle (sesame oil) only. Only one other injection was made exactly 1 wk postsurgery. Rats were euthanized 2 wk postsurgery; ventral prostates and seminal vesicles were harvested and weighed. Prostatic strips of ϳ1 ϫ 1 ϫ 0.5 cm were prepared (the surrounding prostatic capsule along with excess fatty tissue was dissected free) for organ bath physiology studies and immediately placed in Krebs-Henseleit (Krebs) solution, with the rest of the tissue frozen in liquid nitrogen and saved at Ϫ80°C for subsequent molecular analyses or put into 10% neutral buffered formalin for histological examination. All surgical procedures were performed under anesthesia by intraperitoneal injection of pentobarbital sodium (35 mg/kg; Abbott Laboratory, Chicago, IL). All animal protocols are approved by the Animal Use Committees at the Albert Einstein College of Medicine and Guangxi Medical University.
In vitro organ bath studies. All chemicals used were from Sigma-Aldrich. A stock solution of zaprinast (20 M) was made in dimethyl sulfoxide (DMSO); the other substances were dissolved daily in double-distilled water. Control experiments showed that the final concentration of 1/1,000 (vol/vol) DMSO used in these studies did not significantly modify the relaxation response. As described previously (75) , rat prostatic strips were mounted longitudinally in a 4-ml organ bath (Multi-Myograph Model 810MS; Danish Myo Technology, Aarhus, Denmark). The myograph was connected in line to a PowerLab 4/30 Data Acquisition System (ADInstruments, Colorado Springs, CO) and in turn to a Dual-Core processor Pentium computer for real-time monitoring of physiological force. Strips were equilibrated for Ն1 h in Krebs buffer at 37°C with continuous bubbling of 95% O2 and 5% CO2. The buffer had the following mM composition, and it was changed every 15 min: 110 NaCl, 4.8 KCl, 2.5 CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 25 NaHCO3, and 11 dextrose. Strips were continuously adjusted to 500 -800 mg of resting tension (64) . After equilibration, prostate tissue was contracted with 60 mM KCl, washed, and then contracted with increasing concentrations (10 Ϫ8 -10 Ϫ4 M) of PE. Force produced by the above stimuli was normalized to strip weight. Next, strips were precontracted with 10 M PE (a dose that was determined to induce maximal contraction) and allowed to reach a stable tension, and then the relaxant effects of increasing doses (10 Ϫ8 -10 Ϫ4 M) of sodium nitroprusside (SNP) with or without 20 nM zaprinast preincubaution were evaluated.
Total RNA extraction and real-time RT-PCR. As described previously (8), total RNA was isolated from the frozen tissues using TRIzol reagent (Invitrogen, Carlsbad, CA). One microgram of RNA was converted to complementary DNA (cDNA) using reverse transcriptase via the SuperScript II First-Strand Synthesis System according to the manufacturer's instructions (Invitrogen). Primer pairs were designed using published cDNA sequences obtained via Entrez Nucleotide of the National Center for Biotechnology Information and the Primer Express program (Invitrogen). Amplicons were deliberately kept between 50 and 100 base pairs for all primer pairs to enable equal transcriptional efficiency. RT products then were amplified in a 96-well plate in a 25-l reaction volume, with all samples run in triplicate, using a model 7300 Real-Time thermocycler (Applied Biosystems, Foster City, CA). The experimental protocol utilized was denaturation (95°C for 10 min to activate the polymerase) followed by an amplification program repeated for 40 cycles (95°C for 15 s, then 60°C for 60 s), using a single fluorescence measurement. The following targets were amplified, using SYBR Green for amplicon detection: PDE5, neuronal NOS (nNOS), endothelial NOS (eNOS), and ␣ 1andrenoreceptors, including ␣1a, ␣1b, and ␣1d subtypes and ROK␣/ ROK␤ isoforms. Primer sequences are shown in Table 1 . For relative quantification, the efficiency of amplification for each individual primer pair was determined using cDNA target and the 2 Ϫ⌬⌬CT method (37) in conjunction with the RQ Study Software version 1.2.3 (Applied Biosystems). Gene expression was normalized to expression of the RPL19 ribosomal protein housekeeping gene. In our previous study, we compared the expression of RPL19, ␤-actin, and GAPDH by real-time RT-PCR. RPL19 was determined to be more stable than either ␤-actin or GAPDH in a rat model of partial bladder outlet obstruction. However, we did not find any effect of aging, diabetes, or castration on these three housekeeping genes (8) .
SDS-PAGE and Western blot analysis. As described previously (77) , proteins were extracted from frozen tissue samples using the CelLytic NuCLEAR Extraction kit (Amsbio, Abingdon, UK), and 30 g of each sample was eletrophoresed on a 10% SDS-polyacrylamide gel and transferred to nitrocellulose membrane (Amersham Pharmacia, Piscataway, NJ) by semidry electroblotting for 1 h. The membrane was blocked for 2 h at room temperature with 5% nonfat dried milk dissolved in phosphate-buffered saline (PBS) solution. The membrane was incubated for 2 h with primary PDE5 antibody (1:3,000). After washing several times with PBS, the membrane was incubated with anti-rabbit immunoglobulin G (IgG) linked with horseradish peroxidase at a 1:10,000 dilution (Thermo Scientific Fisher, Rockford, IL) for 1 h at room temperature. Detection of reaction antigen was performed with an enhanced chemiluminescence kit (Thermo Scientific Fisher). The bands were quantified by densitometry using Quantity One software (Bio-Rad, Hercules, CA). A monoclonal mouse antibody against ␤-actin (1:5,000; Sigma-Aldrich) was used as a control to ascertain equivalent loading.
Histology. As described previously (27) , rat ventral prostate was fixed overnight and processed into paraffin, and 5-m sections were prepared. Sections were stained with hematoxylin and eosin (H & E) or Gomori's trichrome to evaluate collagen (not shown). Histological evaluation was blinded and performed by a trained veterinary pathologist.
Immunohistochemistry. Tissues fixed in 10% neutral buffered formalin for 24 -36 h were processed routinely for paraffin embedding. Samples for immunohistochemistry were sectioned at 5 m and deparaffinized in xylene followed by graded alcohols. Antigen retrieval was performed in 10 mM sodium citrate buffer at pH 6.0 and heated to 96°C for 30 min, followed by proteinase K treatment for 10 min. Endogenous peroxidase activity was quenched by using 3% hydrogen peroxide in PBS for 15 min. Blocking was performed by incubating sections in 5% normal donkey serum with 2% BSA for 1 h. The sections were stained by routine immunohistochemistry methods, using horseradish peroxidase polymer conjugate (Invitrogen) to localize the antibody bound to antigen, with diaminobenzidine as the final chromogen. All immunostained sections were lightly counterstained with hematoxylin. The primary antibodies to myosin heavy chain (MHC; cat. no. sc-6956, 1:40; Santa Cruz Biotechnology, Santa Cruz, CA) or PDE5 (cat. no. 611498, 1:50; BD Transduction Laboratories, Lexington, KY) were incubated for 1 h at room temperature. Primary species (mouse IgG1) was substituted for the primary antibody to serve as a negative control. Lung tissue was used as a positive control for PDE5 staining. Slides were evaluated for immunostaining by light microscopy.
Statistical analysis. Results are expressed as means Ϯ SE for n experiments. Statistical analysis used either the Student's t-test with Excel software (2 sample treatments compared) or ANOVA and Bonferroni posttests with GraphPad Prism 5.0 (multiple means compared). P Ͻ 0.05 was considered significant. GraphPad Prism was also used for the analysis of PE-induced dose-dependent contractions that resulted in sigmoid (S-shaped) curves after logarithmic transformation, and the constrained four-parameter logistic model was used to analyze sigmoid curves, to obtain estimates of ED 50 values, and to compare them using an F-test and tests of randomness of the residuals around the fitted curves.
RESULTS
After a 2-wk surgical castration, the ventral prostate was profoundly shrunken (Fig. 1, B and C), with weight decreased by approximately sevenfold. Interestingly, the mass of the seminal vesicles was similarly lessened approximately sevenfold ( Fig. 1D ). T supplementation completely maintained or reinstated the weight of both androgen-sensitive organs. In contrast, orchiectomy had no significant effect on body weight gain during this experimental period (Fig. 1A) . Histological Table 1 . Primer sequences used to amplify rat target genes by real-time RT-PCR
PDE5, phosphodiesterase 5; nNOS, neuronal nitric oxide synthase; eNOS, endothelial nitric oxide synthase; ROK␣ and -␤, Rho kinase-␣ and -␤, respectively; RPL19, ribosomal protein L19. examination further showed that the atrophy of the prostate occurred mainly at the epithelial compartment ( Fig. 2) , whereas the stroma component, which is composed mainly of fibromuscular cells, was relatively increased. As shown in Fig.  2 , bottom, prostatic SM in control rats was immunolocalized with the SM-specific marker MHC and displayed an orderly spatial arrangement confined to the outer stroma layer, as indicated by the arrows with scanty PDE5 immunostaining localizing to the same area as SMM in the fibromuscular stroma ( Fig. 3, top) . But prostatic SM per se generated significant force in response to KCl depolarization ( Fig. 4A ) and PE-mediated adrenergic stimulation in a dose-dependent manner (Fig. 4B ). However, in response to castration, SMM staining revealed a disordered arrangement of the SM cells in the stroma (Fig. 2) . Castration attenuated not only PE-induced maximal contraction but also the sensitivity to adrenergic agonist, which is depicted in Fig. 4B . Isolated prostatic strips from sham rats almost reached maximal force generation (ϳ28 mg force/mg tissue) at 10 Ϫ6 M PE, whereas castration generated only ϳ16 mg force/mg tissue maximal contraction at 10 Ϫ5 M PE, a 10-fold higher concentration. The EC 50 of intact rats (0.27 M) was around four times lower than that of castrated ones (1.09 M). T replacement also maintained or restored the orderly SM spatial arrangement in the stroma (Fig. 2) as well as both prostatic SM contractility and sensitivity (Fig. 4) .
Subsequently, the PDE5/NOS pathways mediating SM tone in the prostate were examined. As demonstrated in Fig. 5, A  and B , there was abundant PDE5 in the prostate, in line with our previous study. In particular, two intense bands of the expected molecular weights (ϳ85 and 95 kDa) were found in the prostate (Fig. 5B) . Castration significantly decreased PDE5 immunopositivity (Fig. 3B ). The specificity of immunostaining for PDE5 was ascertained by mouse IgG substituting for the primary antibody in a control section, whereas positive immunostaining was demonstrated in lung tissue (Fig. 3A) . Orchiectomy also downregulated PDE5 expression threefold at the transcriptional level (Fig. 5A ). The analysis of PDE5 protein expression by Western blotting demonstrated similar reduction by castration ( Fig. 5B) . Additionally, the expressions of several other major molecules linked to SM regulatory and contraction pathways were determined by real-time RT-PCR, including ␣ 1 -adrenergic receptors and the NOS and ROK systems. As demonstrated in Fig. 5 , C-E, nNOS and ROK␤ mRNA were found to be significantly decreased, but eNOS, ␣ 1a , and ␣ 1b receptors were significantly increased, with no change in ␣ 1d (Fig. 5D ) or ROK␣ (Fig. 5E ) in the castrated animals. Altered expression of all of these molecules was maintained or recovered to control levels when T was given back.
To further determine the PDE5 functional activity and its modulation by androgens, in vitro organ bath relaxation studies with the specific PDE5 inhibitor zaprinast were performed. As shown in Fig. 6 , isolated prostatic strips precontracted with maximal stimulation (10 M PE) can be potently and dosedependently relaxed by the NO donor SNP for all preparations with complete relaxation (even below baseline) at 10 Ϫ4 M. Zaprinast significantly potentiated the SNP-relaxing effect at lower (10 Ϫ8 -10 Ϫ6 M) but not higher doses (10 Ϫ5 -10 Ϫ4 M) for the sham group. Interestingly, prostatic SM from castrated rats is more sensitive to SNP than that from sham rats, comparable with sham treated with zaprinast plus SNP. However, zaprinast did not amplify SNP-induced relaxation for castrated rats. T replacement reinstated both SNP and zaprinast responsiveness. 
DISCUSSION
The current study demonstrates for the first time that T positively regulates PDE5 expression and functional activity in the prostate. Our data also clearly show that T ablation not only decreases prostate size (static component), affecting primarily the epithelium rather than the stroma, but also reduces the prostatic tone (dynamic component).
Our surgically castrated rat model was validated by the significant atrophy of the androgen-sensitive organs (prostate and seminal vesicle), with weight decreased approximately sevenfold and maintenance/recovery with T supplementation. Surgical castration was observed to cause maximal lowering of T levels within 24 h and resulted in a significant prostate volume reduction in a short period (19, 29) . In contrast, prostate regression was maximal at 6 mo after initiation of a 5␣-reductase inhibitor such as finasteride, which is a selective inhibitor of the type 2 isozyme of 5␣-reductase and does not reduce dihydrotestosterone levels to castrate levels because circulating T is converted to dihydrotestosterone by type 1 isozymes that exist in skin and liver (42) . Moreover, finasteride reduces prostate volume ϳ20% (42) . In parallel with previous observations (6, 26, 34), 2-wk castration led mainly to a marked involution of the glandular compartment ( Fig. 2) and corresponded mostly to the loss of epithelial cells. In contrast, the relative volume of the stroma increased rather than decreased. The prostatic SM represents a significant component of the stroma. In the present study it was identified by using the SM-specific marker MHC, and its spatial arrangement in the stroma was uncovered. It is assumed that this arrangement is not optimal for force generation; however, we observed that it did produce significant force in response to either KCl or PE (Fig. 4) . Although the contractile properties of prostatic SM have not been well characterized until now, based upon our current in vitro contractility studies, it seems similar to other SM organs. Thus, the active forces in the prostatic tissue may play an important role in the pathophysiology of BPH.
Despite a decreased stroma response to androgen withdrawal, the contractility and sensitivity changes of prostatic SM to PE were heavily blunted or reversed by T deprivation. For the sham, maximal contraction induced by PE was reached at 10 Ϫ6 M, whereas 10 Ϫ5 M was required for maximal contraction of prostatic SM from castrated rats. Moreover, the highest force produced from castrated animals was around only one-half of that generated by prostatic SM from intact rats. To date, there are few published investigations on the interaction between prostate contractility and castration. Our observation opposes two of these studies. Lin et al. (34) found heightened ␣-adrenergic contractility in dogs castrated for 1 mo without discernible changes in the in vivo measurement of prostatic urethral pressure. These authors attributed the increased contractility to the elevation of the relative proportion of stromal tissue and concluded that hormonal intervention had no influence on prostate tension. Another study from Japan used the same species and 2-wk castration protocol as ours (25) . They also found that the contractile response to PE increased but with lowered contraction potency and downregulation of ␣ 1aadrenoreceptor in castrated rats. Again, a relative increase in the stromal component in these animals was linked to the heightened contraction. However, similarly to our study, these authors concluded that androgen deprivation suppressed ␣ 1 - adrenergic contractility of rat prostate strips. The significant weakness of both of these previous studies is that there was such a small maximal contraction (Ϸ3 mg force/mg tissue) induced with PE that it seems hard physiologically to justify the results.
However, supporting our current observation, Hib and Magarinos (24) have reported that, at the in vivo level, bilateral castration of the rat caused a progressive declination of norepinephrine-induced prostate tone. Also, correlating with our current study, Thiyagarajan et al. (63) found that normal male rats receiving subcutaneous injection of T 5 days/wk for 15 days shifted the dose-response curve for various ␣-adrenoreceptor agonists (including PE) to the left, indicating increased sensitivity, the opposite of our castration findings.
The attenuated prostatic SM contractility for tissue from castrated rats observed in our study could be the result of altered contractile proteins or neuroreceptors or a change in SM phenotype. It has been reported that prostatic SM cells progressively dedifferentiate after castration, switching from a contractile to a synthetic phenotype (5, 6, 51, 78) . As shown in Fig. 2 , castration was associated with a disordering of the spatial arrangement of the SMM staining cells in the stroma and which clearly could decrease force development. For example, Sarma et al. (58) reported that the alignment of SM cells in a tissue has a significant role in determining its length tension behavior and the isometric forces that it could generate and that off-axis alignments can diminish shortening capacity.
In the current study, we found that PDE5 may contribute to castration-attenuated prostate SM contraction. In rat ventral prostate both the PDE5 gene and protein are highly expressed, and it was immunodistributed exclusively in the stroma, in agreement with Fibbi et al. (16) that PDE5 was immunolocalized only in the muscular fibers and blood vessels in the human prostate with negative immunoreactivity in the glandular area but in contrast to the findings by Uckert et al. (69) that the epithelium of human prostate also expressed PDE5. Prostatic tissues were obtained from BPH patients in the Fibbi et al. (16) study, whereas they were obtained from prostate cancer patients in the other investigation. Additionally, the patients' ages were different, which could contribute to the contrasting results. Consistent with the penis (77) and bladder as well as vas deferens (17, 38) , we demonstrated that both the PDE5 mRNA and protein expression in the prostate are strictly T regulated, being significantly reduced by surgical castration and completely reinstated by T supplementation. Actually, since we showed a clear relative increase in the stroma layer (where SM would be; H & E staining in Fig. 2) , this would then make the downregulation of PDE5 even more significant because there would be even less PDE5 per area of stroma. This is also supported by the SMM immunostaining in Fig. 2 as well. It is plausible that the suppressed hydrolytic PDE5 in the castrated animal can increase the cGMP level by inhibiting its degrada-tion and thus lead to prostatic SM favoring relaxation instead of contraction.
Additionally, other major signaling pathways associated with prostatic SM contraction were examined. It was found in the present study that T differentially modulates these molecules. nNOS and ROK␤ mRNA were significantly deceased, but eNOS, ␣ 1a , and ␣ 1b receptors were increased, with no change of ␣ 1d and ROK␣ in the castrated animals. Lacey et al. (32) also found an increase in the ␣ 1 -adrenergic receptor density. In the present study, on the surface, the upregulation of ␣ 1 -adrenergic receptor in the face of decreased prostatic SM contractility seems conflicting. However, in line with previous reports, the elevation of ␣ 1 -adrenoreceptors was due possibly to the relative increase of stroma volume (32, 34) . Thus T might have no effect on these receptors. Moreover, Auger-Pourmarin et al. (7) found that exogenous T given to normal male rats did not seem to influence the expression of ␣ 1a -, ␣ 1b -, or ␣ 1d -adrenoreceptors, suggesting a maximum effect of endogenous T on ␣ 1 -adrenergic receptors in normal rats. As mentioned above, switching from a contractile to a synthetic phenotype and disordered arrangement of the SMM (Fig. 2) after T ablation could also blunt the SM response to PE. Additionally, we showed that EC 50 s for PE-induced contraction of prostate tissue from castrated rats was significantly different (ϳ4-fold higher) from that of tissues from either sham-or T-treated animals, indicating a decreased sensitivity to PE by castration. This could result in less force generation in castrated rats. Consistently, Passmore et al. (53) reported that, although expression of the ␣ 1a , ␣ 1b , or ␣ 1d receptors was not reduced during aging in renal blood vessels of men or women, the binding of prozosin (an ␣ 1 -agonist) decreased with aging in both men and women. Thus there is a dissociation between receptor expression and binding that could help explain our difference in expression vs. contraction of the prostatic SM. Alternatively, the increased expression of the ␣ 1a -and ␣ 1badrenoreceptors found in our study in response to castration may represent a compensatory mechanism to the altered SMM organization and decreased PDE5 expression in an attempt to maintain prostatic SM tone and contractility (60) . The fact that altered MHC gene expression has been reported previously in normal and hyperplastic tissue (35) makes further investigation into this area in relation to T levels clearly warranted.
Also consistent with another previous report (12) , nNOS expression could be androgen dependent. It is known that the nNOS is the primary NOS isoform in the rat prostate and is involved mainly in the control of SM tone and glandular function, including proliferation of epithelial and subepithelial cells, whereas eNOS is related to the maintenance of local vascular perfusion (30) . Hence, downregulation of nNOS expression cannot decrease prostatic SM contractility, and it most probably contributes to prostate weight loss after orchiectomy. Interestingly, eNOS expression was increased by castration, which could be hypothesized to compensate for the decreased nNOS, but the real mechanism is unknown. ROK␤ was also T modulated, as observed in the penis (70, 73) , and thus possibly plays a role in the decreased prostatic SM tone. However, like PDE5 and ␣-adrenoreceptors mentioned above, the structural changes could have an effect on the expression of ROK and NOS. The downregulation of ROK␤ may be due to heavy loss of epithelial cells after T withdrawal, because ROK was found localized in both the stroma and gland (57) . With regard to NOS isoforms, their distribution in the prostate is inconsistently reported, and thus more studies are required.
Our in vitro relaxation studies demonstrated further a role for PDE5 in modulating prostatic SM tone and its regulation by androgens. In serial experimental scenarios, we showed that the NO donor SNP potently and completely attenuated PEprecontracted prostatic SM. This relaxing effect was amplified by the PDE5i zaprinast, suggesting PDE5 to modulate the tone of the prostate. Interestingly, the relaxing activity of SNP alone in the castrated group was even higher than that in the sham, comparable with that of sham treated with SNP plus zaprinast. However, zaprinast did not potentiate SNP vasodilatory ability in the castrated rats. This was most probably attributed to the downregulation of PDE5, the molecular target of zaprinast by androgen deprivation. Although the relaxation response to SNP for the prostate from castrated rats was increased compared with that from sham rats at all concentrations of SNP tested, the increase was only statistically significant at 1 M and lower. However, similar observations have been made by Nakamura et al. (50) , who found that, in contrast to the stimulatory effect of SNP at a lower dose (10 M), a higher dose of SNP (1 mM) reduced channel activity, which was not restored by 8-BrcGMP. These authors suggested that it is likely that the suppressive effect of SNP on channel activity at a high dose involves accelerated formation of peroxynitrite. Also, Tschakovsky et al. (66) reported that the effect of SNP on forearm vascular conductance was greater during low-dose SNP infusion vs. rest (P Ͻ 0.05) but not different from rest at the high dose of SNP infusion (P ϭ 0.507), suggesting saturation.
Despite modulating SM tone, PDE5, NOS, ␣-adrenoreceptor, and ROK are also involved in cell growth and death. Thus, PDE5 may be involved in the castration-induced prostate atrophy. PDE5is have been demonstrated to exert an antiproliferation effect on cultured prostatic SM with higher efficacy on stromal rather than epithelial cells (74) . Similar to PDE5is inhibiting PDE5, surgical castration-mediated downregulation of PDE5 may prevent prostatic cell proliferation, resulting in prostate shrinkage. However, the present study and others showed that the stroma was resistant to androgen withdrawal (6, 26) . Further studies, including the measurement of prostatic cGMP, are required and will be intriguing.
When translating our findings to humans, antiandrogen therapy, one of the major treatments for BPH, not only reduces the size of prostate but also may blunt PDE5 expression and decrease prostatic SM tension through the NO/cGMP/PDE5 signaling pathway. Thus, both passive and active force are relieved. Clinically, there is now good level 1 evidence of a beneficial effect of PDE5is on urinary symptoms, especially for men with LUTS and significant ED (42) . To note, as mentioned previously, PDE5is provided only limited improvement in urinary flow rate, which gave rise to controversy regarding this therapy, although mounting and consistent evidence is showing their significant benefits in treating BPH/ LUTS (39, 68) . According to the American Urological Association guidelines, ␣ 1 -adrenergic blockers combined with 5␣reductase inhibitors are considered the most effective therapy for the treatment of BPH, especially for larger prostates. Because of the strong association between BPH/LUTS and ED, the coprescription of PDE5is and ␣ 1 -adrenergic blockers is more likely to result in greater improvements in BPH/LUTS and ED than either drug alone. In vitro studies demonstrated that the combination of both PDE5is and ␣-blockers resulted in a greater relaxant effect on human prostate SM compared with a single agent. Preclinical and clinical studies have provided promising evidence that the combination of PDE5is and ␣-blockers may be an effective and well-tolerated treatment option for BPH/LUTS (9, 28, 33) . Because of the potential additive beneficial effect, combination therapy deserves further investigation. However, caution should be applied to combining PDE5is with 5␣-reductase inhibitors, because our present study demonstrated that antiandrogen therapy would decrease PDE5 (PDE5i substrate) expression.
In conclusion, our molecular, physiological, and immunohistochemical data provide a rationale for the therapeutic use of PDE5is for BPH. We also provide novel data that T positively regulates prostatic PDE5 expression at the molecular level and PDE5 functional activity through modulating prostatic SM contractility. Therefore, castration not only suppressed the prostate size but also blunted prostatic SM tone at least partially through PDE5 signaling. Furthermore, in addition to the traditional concept of prostatic involution, it suggests that antiandrogen treatment with 5␣-reductase for BPH patients may have a new therapeutic mechanism via targeting at PDE5 to relieve the dynamic component of BPH. Fig. 6 . PDE5 inhibitor zaprinast potentiating effect on sodium nitroprusside (SNP) in relaxing prostatic SM. Prostate strips were precontracted with 10 M PE and allowed to reach a stable tension and then relaxed by increasing doses (10 Ϫ8 -10 Ϫ4 M) of SNP with or without 20 nM zaprinast preincubaution. The maximal response to PE was taken as 100%, whereas the relaxant effect of SNP with or without zaprinast was evaluated as a percentage of this response. Values are expressed as means Ϯ SE. *P Ͻ 0.05 vs. sham or castration ϩ T; **P Ͻ 0.01 vs. sham; o P Ͻ 0.05 vs. sham or castration ϩ T (n ϭ 4 -7 different animals).
